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I.  Similarity Criteria for Chemical Processes 

The design of reactors for use with chemical pro- 
cesses requires usually a combined examination of the fol- 
lowing system of differential equations set up for an in- 
finitesimally small reactor element:  1) material balance 
equation; 2) energy balance equation; 3) fundamental 
equation of hydrodynamics or equation of motion; 4) kin- 
etic equation of the reaction; and 5) equations associated 
with the determination of homologous conditions. 

Even in the absence of chemical reactions it is not 
usually possible to arrive at an analytic solution to a 
system of these equations, hence in such cases the prin- 
ciple of similarity finds broad application. 



The"application of the principle of similarity to 
chemical processes requires Joint examination of e system 
of ell the differential equations enumerated ebove, sup- 
plemented by terffiB which take into account the preser ce of 
poiSt wurcL of energy and mass, which considerably com- 
plicates the problem. The complexity resides in the fact 
the? in the usual case it is not PO«fib f to „tis y b j- 
ultanecusly the hydrodynamic, thermal, diffusion, and the 
purely chemical similarities of the processes existing in 
apparatus of various scales. PP   it is characteristic of chemical processes that one 
system cannot be modeled upon another, as this can be done 
for physical processes. * 

'Thus, in the case of hydrodynamic similarity, if we 
can preserve the constancy of the Re criterion in the model 
and in the prototype hy replacing one system by another,  • 
this we are not able to achieve in the instance of chemical 
similarity, since a chemical reaction of a given group of 
compounds cannot in the general case be reproduced with 
the compounds of another group. #     • 

>s a consequence of this and other difficulties, 
the principle of similarity et the present time is relative- 
ly rarely employed for modeling chemical processes. How- 
eve?! it has found quite wide usefulness in enriching ex- 
perimental data of quite diversified ProJe^s U>* pvP As a result of similar transformations of the sys- 
tem of differential equations, the following criteria for 
chemical similarity have been obtained (2^2): 

Damköhler Criterion I 

De, «=  
cw 
Ui. (1) 

where U - reaction rate in kg aole/(n3)(hour); 1 = linear 
dimension in the flow direction in a; w. . linear velocity 
of "the flow in m/hour; and c * reactent concentration in 

kg mo es
m

rj*e 1/w char8Cterizes the residence time of the 
flow in the reactor, then the ration c/U will represent 
the duration of the reaction proceeding at constant veloc- 
4ty#  Consequently, the Da-j. criterion can be regarded as 
the ratio of the residence time in the reactor to the 
duration time of the reaction at constant velocity until 
the reactant is completely consumed. It is n^al that 
the DBJ criterion may be treated also as the ratio of the 



reaction rate to the flow velocity, expressed in the same 
units ^lee Note7 or as the ratio of the concentrations, of 
the reacting substance to the concentration brought into 
the'flow, or, of course, as the ratio of the actual length 
of the reactor to the length of the reactor that is neces- 
sary for the full completion of the reaction at constant 
velocity. *"   ''   I-T'N-' /'.•■■'...' '"'" "['■ 

:; :"   '■'••'■'■   Damköhler Criterion II ; i-.  V 

'■   .     .:■■   :....■•. .  . .     '   ■• CD "    "  " 

where D * coefficient of molecular diffusion in m /hour. 
.   ^Note: The criterion W « w„/Uk, discovered by Matz©, 

involves the reaction rate U^ expressed in units of the 

flow velocity or, for a first-order reaction, in the form 
of -the rate constant; as follows from the determination 
of the Daj criterion, the Matz  Criterion is identical to 

the same./ ' ■ r';';- 
THe DaIT criterion represents the ratio between the 

rate of the chemical reaction and the velocity of molecular 
diffusion. By analogy with the Da,, criterion the Da-j-j cri- 

terion can be treated also by use of other quantities, as 
this has been shown above. /; ^ - 

uPämköhler Criterion III ';■'"•;"''■' "":;;: "-■-■" ■■■'■■ 

; ?a,"~ 'epv>^ ' (3) 

where q * thermal effect of the reaction in kcai/kg mole; 
c « heat capacity at constant pressure in:kkcal/)cg)( C); 
f  « specific weight Of the medium in kg/nr; At  • charac- 
teristic temperature difference, which can be considered 
as, for example, the difference in temperature between the 
reactor wall and the center of the flow, or the change in 
temperature along the length of the reactor. 

As follows from ratio (3)» the Damkb'hler criterion 
III is expressed as the ratio between the amount'; of "heat 
released as a result of the reaction and the amount of 
heat transported by the flow. 



Damkohler Criterion IV 

w-g.-:  •    ■ ■■   .:<*>; 
* where A - thermal conductivity of the reaction mixture 
jin ^al/(m)(hogr)(iC).iterion ^   fee expressed^ the 
iratio between the amount of beat released as • *«ult of 
!the reaction and the amount öf heat transported due to 
ithermal conductivity» 

Criterion Of Equilibriumness or Criterion of 
| öuasistäticityC^) 

•where k, and k2 -' corresponding forward and reverse reac- 
Ition rate constants; 0B end U^ - corresponding forward : 

■; and reverse reaction rates» c^ «>* <>B2 * concentrations j 

of the reaction products B1$ ^» •••'» CAX 
ftnd % * con" ; 

jcentrations ,of the starting components Ax  and A2; ßx and ^ 
L Btoiehiometric coefficients of the reaction products;  j 
^•^(^TiSiüSomWiAc.oöafflcltntÄ-of the components 

JA, and A2« . 
I   ■ ■' The criterion of eauilibriumness can be «pMued 
!as the ratio between the Internal rates of the chemical 
ireaction, that is» between the rates of the forward and 
the reverse reaction.       > 

; Criterion of Contact 
'>•«•■ '''■.•'.'■'.'■.'•■'■ 

where T- residence time of the reaction mixture i$4
th« . 

factor; *5 . the total of the stoichiometric coefficients 
on the right-hand side of the kinetic equation.     . 

The criterion of contact is expressed as the ratio 
between one of the internal rates of the reaction and the 
net reaction rate. 



For an irreversible reaction, when the reverse 
reaction is practically equal to aero, the contact criter- 
ion coincides with the Da-j. criterion, which we can arrivd 
at by employing in the Daj criterion, instead of the reac- 
tion rate Ü, its expression in terms of the reactant con- 

It has also been suggested."that the dimensidniess 
equilibrium constant be employed as a; Criterion.  ' .  ' 

•',,       V Arrheniüs CritefionQ,6) 

Ar- 
K* .<■    <■:■■' : ■'■     <T "  f -. '■•■-!■      < .1 

■where E - energy of activation; and R « gas constant. 
1      The Ar criterion is expressed as a ratio between 
! the energy of activation *nd the internal energy of the 
system. •.,,.■■ . L,(,•■ ■■ t,■'.;'.■,'-■ \^7' :,/ .      '- -.,,'," t\"_ '. '.';, '[!■-. ^X, 

Criterion of Radiation (■£) 

i 

I 

I *»-h ,      (9>L 

| where C0 « constant in the Stefan-Boitzmann radiation fJ I 
equation; e - emission coefficient in the same equation; p 
Tn and TP * corresponding temperatures of the more and 
the'"-less heated surfaces-.- .■<■■■■<  ■,<■.■«■ '.-.,:.. r- --• I '„■ 

Criteria (8) and (9) are obtained not from the fund- 
amental system of differential equations but from the , 
Stefan-Böltzmahn equation and must be employed when the , 
reaction occurs at a sufficiently high temperature that \ 
it is necessary to calculate for the heat transferred by 
radiation. ' „ 4  Criterion of radiation <9) can be expressed as a 
ratio between the quantity of heat released due to the.... i 
reaction and the quantity of heat transported due to rad- 
iation, and secondly, as the ratio between the temperatures 
of the radiating surfaces. 



Criterion öf Hydrodynamicr ÄcceYerätion(8):'' 

,(10) 

where Av •» increase in volume occurring in the course of 
the reaction in r/kg mole. „. 

The criterion of hydrodynamic acceleration K can 
be expressed as a ratio between the volume of the reaction 
mixture which passes through the reactor in a unit of time 
and a change in the volume due to the chemical reaction. 
The criterion takes into account the acceleration .of motion 
of the reaction mixture in the reactor which results from 
the progress of the chemical reaction. Both the radiation 
criterion, and the criterion of hydrodynamic acceleration 
are involved in the number of criteria specified in the • 
situation of the occurring reaction. 

Still other criteria may be employed which take 
into consideration the specifics of the environmental 
conditions of the ongoing reaction. 

Generalized Heat Criterion 

where qjg* « heat flow through a unit of heat-exchanging 

surface in kcal/(m2)(hour). 
This criterion is expressed as the ratio of the 

quantity of heat released due to the reaction and the 
quantity of heat exiting or entering through the.heat- 
exchanging surface. ' ,    +*'*.*'''•* 

The expediency of introducing the KT is conditioned 

by the fact that the heat flow per unit of heat-exchänging 
surface,is independent of the variable which the experi- 
menter may'vary independently from the scale. 

It is not rare in the analysis of chemical processes, 
to employ criteria analogous to those examined earlier, 
though somewhat modified appropriately to the processes 
under study. ,A ^äV  '    . . 

Thus, the following criterion (2«lp.) has also been 
introduced 

K„T«$>-iMr<t))<*T        r      (12) 



where k. »nth order reaction rate constant, represented n 
as a complex function of time (it is assumed that the temt- 
perature changes according to a determined manner). It 
is obvious that the criterion K^ can be regarded as a 
modified Da*» in which the chemical reaction rate» changing 
in time, is taken in the integral form. The representa- 
tion of the criteria in the integral form is expedient inj 
all cases where the properties of the chemical system arei 
changing in time (or in space; then the integration is 
carried out throughout the volume).   \ ; 

For the case of heterogehous chemical reaction the! 
following criterion can be introduced*(11): 

Knt-^-«"-l~ ^-«"-'/(Re, Pr)      ';    ;     (13)1 
DO . ;; .- .   A    ,,.     . ,.. ^ •,.[■ 

where k1 » rate constant of the heterogeneous chemical  ! 
n j 

(reaction occuring per unit surface of the phase boundary,! 
and Pr * (wl)/a#Re is the Prandtl criterion, wherea«^c^fi 

i  « coefficient of thermal diffusivity. I 
i      In the capacity of the linear dimension in this \ 
! criterion we can employ the thicknessdof the diffusion i 
ffilm, which is equal to j 

Ö >-=//Nu - If (Re, Prj. 

j      It is not difficult to see that the criterion K^ { 

jis a modification of the Dajx criterion in which for 1 'j 

I ois employed and the reaction rate is considered per unit 
of surface at the phase boundary. ! 

For the same type of modified Oriteria it is possi- 
ble to bring in the dimensionless multiplier <p »which is 
used in the calculation of absorption processes (12): 

where      <■•.■.. .;.'"■■■ (15) ; 



«,:w.1.y • 

The expression (14) is obtained as a result of the 
combined solution of the diffusion equation and the kine- 
tics equation for a first order reaction. The Criterion 
(M  can be conveniently labeled as the Hatta criterion ; 

*    However, it is not difficult to show that the Hattä 
criterion has the same value functionally associated with 
the Da1T criterion: 

*  »V575  Jffhgjgl, ^" (16) 

Simplex criteria are often used as controlling. ' 
-criteria. We can indicate the following in the capacity 
of such Simplexes (2»6,lj$) 

v m* XI?) 

.      .       • » 

where c„ » concentration at the reactor inlet; cR - con- 
centration at the reactor outlet; c - actual Joncentration 
achieved in the given reactor; and c* - equilibrium con- 
centration,       characterizes the ratio of the concen- 
trations at the inlet and outlet of the reactor, whereas 
simplex (18) characterizes the relative product T"1*« 

Instead of the ratio of the concentrations, we can 
utilize the ratio of any other physical properties (10) 
which are characteristic of the system and which are re- 

. lated to the concentrations. (For example, **•/**?**nff 
viscosities, densities, etc.) Such a method of replacing 
concentrations by physical properties can beutilized for 
finding out the conditions controlling the process, its 
regulation« and its automation. reeU1 Along with the above-enumerated similarity criteria 
arising from the original system of differential equations, 
Se caSeincfSde in th! general criterion equations criteria 
which characterize the hydrodynamic similarity Re - («Wy« 
the thermal similarity criterion Pe - (wl)/a, and the dif- 
fusion similarity criterion PeA  . 

PeA " "TT» etc* 

8 



Then the general criterion equation for a chemical 
process acquires the form tW the >»*t»c of irreversible,. I 
reactions: ! 

^V      ..  -  ■     ■ V,;.-., ■. •. , . . •! 

D»i-/(D««.Öiai.D«iv.l|te. Pe^^K,...) (19) i 

!where K. »criteria specified by the situation of the on- 

j going process (cf equations (S) r (10) ). 
i     We may also employ as a determining criterion, in-j 
I stead of the DaT criterion, the simplax-eriteria <17) and; 

1(18). 
i     The criterion equations in the ease of reversible j 
reactions are represented in the following form:       j 

! 

' 'Pa*f(Ko, Di„, Dani. Dalv; Pe. PeÄ, Re, K,)      f    , (20)     | 
1 ''     *"'     '    |\/'V ■''■'"     ■'     -•-■    •'•-■'     .:.......-■■,■■    ,■;•--,■'.••    -■•■     /.".,•-    ,'■''     t...J 
!(The criterion! Ar does not increase the number of criteria 
: entering into the general criterion equation since it charf- 
acterizes the change in the temperature value which has ! .. 
ialready been included in $he^criteria examined earlier: j 
: Dax—DaIV). ■■.•-■../.;,->:! t-v ..<,.; ■■• •;;.:■ 

Since in some criteria expressed in equations (19)i 
i and (20) some of the same parameters are found, then, ac-i 
cordingly, . the number of criteria can be diminished by 
combination of individual criteria.     f j 

For example, the criterion Da-, can be expressed ajs' 
the product Da,»PeA, that is: 

'.''•" j 
•  . UP . _ ft ^_ (it »t   UP . . . ] . 

the DaTTT criterion ~ as the product DaT* , j^ * that I 
is:  "I ■*■ cDTAt      .1 

The complex ;of the values of tpS-rg~ has been deter- 

mined by D,yakohov(3) as the criterion establishing the ' 
proportionality of the temperature and the Concentration f 
domains." '•*■> ■-;.■■■:>..■■. ■■.-,.,.  ..'...,...,/ ..'". , "" •  ;:.." •' '"- 

We designate this criterion in the following way: 
/See Note? ^>'■     •- '.-.- '':,;.'..:;.' ';. " ;- 



.(■fr ;   ...fj- ijy'n 

*«-*&-    • . " • .  C2i> 

^ote: In several studies the criterion % baa : 

duct Da^Pr'K^, that is:.: 

inasmuch as the criteria Pe and PeA can be repre- 

sented in the form of the products Re'Pr and Re«PrÄ .the» 
by dividing out the criteria Dan, Da^-p and Daxv in- w 

Daj criterion, K^ and Re can be put into the form or the 

transformed equations (19) and (20): • ' 

or Pi,-/(KW.^*^ 

Xl«i5--f(D«J.KtIt.Pr.PrÄ.ReVK;>   .» 

and Pa - / (Ko, K „, Pr. % R «- * A 

or 

(22) 

(23) 

(24) 

(25) 

1       in the case of heterogeneous e^1?»1^0^88!!«, 

partlCl^ev!Bftheep?«en«-of a large »uaher of criteria 
md coÄently the?r phyeleal values ^«J.^^f 
4«*-n th« criteria in equations (21; — V^;  °, p77 t*I 
theJoeeibUityof satiefylng the constancy of all the 

10 



r controlling criteria. 

TABLE 1) 

Results Based on the Basic Criteria of Chemical 
Similarity /See Note/ 

_J.I      ■ i -—  ■■■'■"■•"'■-' "-■■• ■■-■■*"■" •■   ■ ---*■ - ■-- Y : ... . r.f. ,-■.. ..-.,   . ■- . u .. .., r |..-1||..., irilll. ..irr||_.r[|| 

Equation of the conservation of mass 

* Rate of 
change * 

with time 

-&/dT 

ax 

Rate of :.. 
change ■ • 

due to don^ 
. yection 

—(wpad)c 

Rate of     r 
change   due 
to diffusion 

Rate of 
change due 

fco chemical reaction 

Vp(bjvgr«i)f 

well bc/t» 

+ v -0 

V 

em 

D*n 
•*-** 

Equation of the conservation of energy 

Rate of 
change 

with time 

~M»i 

t/t 

Rate of 
change 

due -"" 

iate of changer Rate of . 
Lue to thermalj change due 

to chemical 
:ti< ue to con- conductivity vection j       ■ . .* . reaction 

-(»*«!)< 

mt/l 

•f«(Divgrad)f 

«til* 

+ *tf/cpT 

«f/^T 

-0 

P» IV 

11 



Resulting 
reaction rate 

-dcldi 

•ft 

TABLE 1 (continued) 

Equation of the reaction kinetics : 

Bate of fhe 
forward 
reaction 

+**'Ä'fc 

*,«!• 

KP-M*-'«  ;,: 

Hate of the 
. -reverse 
reaction 

Pa 

**»fc«fc 
^<MWi'l«a< *■*■ '*>■ 

^**> 

-¥-* 

-0 

/Äote: The single arrow indicates the denominator; 
the double arrow -- the numerator^ 

For example, it is impossible to sustain at the 
same time the constancy of both Re end Daj in the model 
and in the prototype, since the linear velocity which fig- 
ures in Tooth these criteria is differently dependent on 
the linear dimension,which also enters into both these 
criteria, viz: under the conditions of preserving the 
constancy of the Dax criterion it follows that the criter- 

ion varies inversely to the linear dimension. Hence, the 
direct modeling of chemical processes by producing a gen- 
eral criterion equation is shown to be practically impos- 
sible /See Note/. This has led to the necessity for ap- 
proximation modeling. The derivation of fundamental chem- 
ical criteria is represented as set forth in Table 1 (cr 
page 685 /original pagination7)• 

/Fote: The artificial decrease in catalyst activ- 
ity in modeling of heterogeneous chemical processes (1£) 

12 



»has ^pTBctic^'vdlxierp ■-., (■■■': -■ > •■?■ ■ ! ' ,- . j • . 
, '; II. Approximation Modeling , .. j 

The principles of approximation modeling^are de- j '■.',; 
rived from the fact that in the criterion equation it is >. 
necessary to include only those criteria which are. Retell 
to the slowest stage of the process. The thermodynamic j , 
treatment of this problem has been accomplished by D»ya- ; 
konov (3).who states that in the criterion equations it j 
is necessary to include orilysuch criteria as relate to 4,., 
non-equilibkum or quasi-static stages of the process,, , 

As a result of separating out the limiting stage ; 
!in the 'general criterion equation the incompatible criteria 
j (for example» Daj and Re) disappear, lÄicb makes it pos- S; 

I sible'in principle to search for tjie functional relation-1 

! ship between the criteria»       ■    ',;'. ...^ ■'.'" '\  ! 
»     The main possibility for isolating the limiting  ( 
' stage is predicated on the fact that in many cases the  j 
icomplicated process consists of several consecutively oc-j 
icurring stages. The .slowest of such stages is also the • 
1 limiting one. ,  , - ..-.-.•■. .-,.•< .,? 

In the field of chemical reaction kinetics, where ; 
Ithe reactions are complicated by processes Of heat- and j 
'mass-exchange it is convenient to distinguish (16) reae- t 
1tions that occur in the kinetic region, when the limiting 
i stage is the same as the chemical change; reactions occurt- 
; ring in the diffusion region when the limiting stage is ; 
the diffusion of the reactants to the reaction zone; and,: 

i of course, reactions occuring in the diffusion-kinetic 
region,- when the rates of diffusion and chemical change 
are commensurate. This is a most difficult example for , 
modeling. The processes of heat-exchange within the sys- 
tem occur simultaneously with processes of chemical change 

: *nd therefore cannot be determined. _\ ,   , :;: 
We will indicate methods of determining the limit- 

ing stages (17,18). -•■.•:'■••:■■■. f;. -..    J";1^''^^***  ';'' 
1. Determination of the temperature coefficient 

for the total process rate. If by a 10 change in temper- 
ature the total process rate varies by 2-3 times (as fol- 
lows from the Arrhenius law), then the limiting stage in 
that of chemical change. If changing the temperature by 
100 results in a change in the total process rate of 1.3 
times, then the limiting stage is one Of mass-exchange. 
For intermediate instances the reaction occurs in the dif- 
fusion-kinetic region. .........      ■ . ; . ^ • 

* ■• 2.■'.-■Determination of the apparent order of the re- 
action. If this Is different from unity, then the limit- 
ing stage of the process is that of chemical change. 

13 



However, if the order of the reaction is equal to unity» 
the Question of the limiting Btage remains an open one, 
since the process of mass-exchange depends on the concen- 
tration also in the first degree. 

5. Determination of the dependence of the total 
process rate on the hydrodynamic conditions of its pro- 

If the process rate does not depend on the hydro- 
dynamic conditions of its progress,.then JJ« "^«S- t 
stage is that of chemical change, but if it.is dependent, 
then the limiting stage is either the »ass-exchange Pro- 
cess, or simultaneously the mass-exchange process and the 
process of chemical change (that is, the reaction occurs 
in the diffusion-kinetic region)* 

1. Modeling of processes occurring in the kinetic 
. region 

Inthe casfe of a process occurring in the kinetic 
region the criterion equation involves only chemical cri- 
teria in whicli equations (22) - (25) are expressed in the 
following form: 

For irreversible chemical reactions 

VI (26) 
Da* •■ — »const 

or 
*■ 

.:■•«■■■ (2?) 

tfhe ratio of concentrations, as has been already 
noted above, can be replaced by a ratio of the physical 
properties of the system. 4.«Ä«„-/biL\ For reversible chemical reactions equations (.«^; 
and (25) are expressed in the form: 

(28) 

P«-f(Ko) 

X,-f(Ko) (29) 

For the generalization of experimental data on 
chemical reactions with unknown mechanisms, occurring in 
the kinetic region, two methods have been suggested (^). 

14 



One of these, consists of drawing a graph oh the basis of 
experimental data, using the coordinates^ and * (where ; 
^ contact time of the reaction mixture). Here the ex- T 
perimental data related to the ^rious temperatures and ;;; : 
pressures lies on completely determinate JJJjJJ;;. f 
:     The search for the functional relationship of   { 
| Pa « f(Ko) is equivalent to a.combliiation^of^hf , tha \ 
curves into one curve. Considering that Ko ■ xc   ,T >,, 

■k rf^T);and assuming that the riaction occurs in the j 

igaseous phase! that is, c; » f2(p)\  It is possible to find| 

cut the energy of activation and the' order 6f the reverse 
reaction by drying the distance between these curves.= , 
w??h thäse values we can find the criterion Ko and derive 
Sralhi^any ShHependence Pa - f(Ko)? that is, to combine; 

!ftU CÜ^othe^°me??od of generalization consists of se^arck- 
in* tor i functional relationship between the reaction .; 
rate and the thermodynamic potential used in this *^J . ; 
in the capacity of the living force, that is, in the ex- 

'■ ©erimentally established dependency having the form _ _ ,, 
I     S??7/RS where k* « coefficient in dimensions of the: 
reaction ?ate. ?n many cases this coefficient-can be taken 
afconstant! Z/RT is the analog of the Arrhenius criter- 

case of a process occurring in the purely kinetic region 
SS! process does not depend on^the geometric^form .and di-^ 
mansions of the sytern, Under the conditions that the .reaii- 

' Senle time in thereactor remains relatively constant.^, 
JSS? is the eauality 1/w « constant is preserved. (This 
!^i««^n ho2ever! loses its force if a chain reaction 
occurs!■ S,t5T£SiiatiS or the rupture or therein in 
the reaction takes place on the reactor walls, and also 
if tht cheScal change is accompanied by the release of a; 

considerable amount of heat.) ,.„.,„ Ä_ considers       of the heat-exchange on 
a
w^f **on „Jf^ 

currinp in the kinetic region can be calculated^by intro- 
SScing the criterion KTK and the criterion K^, which re- 

sults in a criterion equation for the kinetic region, tak- 
ing the form:        .':;'. 

f(Dai. K«. Kt>-° (30) 

A« «Ated above, the heat-exchange cannot be isolated 
in the'limiting" stage  Because of this, in going from one 
«Sale to anothlr föl the case of a very vigorously e*0- 
?SerSic9reactlSn (in avoiding complications due to the 

15 



formation of a temperature profile in the reactor) there 
Is usually employed in the capacity of a model one of tue 
elements of the larger reactor, if the reactor consists 
of several elements (for example, in the case of a reactor 
consisting of a system of tubes packed with catalyst, one 
of these tubes can be taken as such an element).      

In spite of the fact that in modeling chemical pro- 
cesses occurring in the kinetic region it is not necessary 
to set aside geometrical similarity,still in a number of 
cases these processes still tend, for technological rea- 
sons, to preserve this kind of similarity (for example, 
in modeling mixers (12) ).  ■ ' .„_.,,,._ 

<In carrying out reactions releasing or absorbing 
a larce amount of heat, which reactions occur in geometri- 
cally similar apparatus, the complication arises involving 
the fact that with an increase in the reactor dimension*, • 
while preserving geometrical similarity, the ratio of the 
heat-exchange surface to its volume is decreased, which 
?ndica?es Shat the condition* for the^intake and the outgo 
of heat are deteriorated. For accomplishing approximation 
modeling in such cases it has been recommended m to ■ 
artificially the value of the heat flow per unit of heat- 
Ixchanging surf ace in the model reactor by means of adia- 
batizing the reactor. «This can be achieved through build- 
ing the insulation layer at the heat-exchanging surface 
in^the laboratory reactor or by introduction o^jupple- 
mentarv heating. Such a method makes it possible, in spite 
Sfthe difference in values of the heat-exchanging surface 
?n the model compared to that in the prototype, to attain 
this objective: that,per unit of time the same amount of 
heat is supplied to both reactors per unit of volume.^ 

It is necessary to consider also yet another diffi- 
culty which arises in modeling ??ntinu?u^°PeJJ^^fac" - 
tors. This difficulty lies in the fact that different 
portions of the reaction mixture in many vessels which 
are operating continuously reside in the reactor for dif- 
ferent lengths of time, that is, in such a reactor a def- 

' inite distribution of residence times will be established. 
This affects the course of the reaction with an especially 
strOn« negative effect when the basic chemical reaction 
iFSSSpliKtid with similar reactions occurring wceii^ 
Thus, in modeling continuous chemical processes for pro- 
duction in the model and in the prototype, both having 
simile? yields, it is necessary to satisfy the equality 
Of. the residence time distributions.        „™4.4ATm > In "the study of heterogeneous chemical reactions 
(the determination of reaction mechanism, the determina- 
tion of optimal temperature conditions for conducting the 
reaction, etc.) it is important to develop in the labors- . 
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tory apparatus such conditions which would preclude or 
reSce to the minimum diffusion^resistance, that is, thj ■ 
^«rtion would proceed in the kinetic region. In achiev- 
iiS?this it is very important to evaluate as fully as pos<- 
iiSe th! diffusion resistance and, consequently, as pre- • 
icisely L posafble the experimental data in the determiner 

!ti0n °fThe\p;Uca??onatof\h4 principle of similarity makes 
l« Poetle p utilize the fOllowing -thods^O). fa^, 

! ve?ocityCÄ^ Iwirin the reaction zone is constant! ^an be determined. ! 

!^eeN°/£te- Satisfying the preceding conditionals tanta- 
mount to recognizing that simultaneously with an increase 
'S^W^^'pSf* the height of the catalyst layer , ,; 
t« increased by the same number Of times^/ is increas|* »J^rom the preCeding the kinetic region ; r 

must correspond to that portion of the Ur -f(G) curve, , 
where üp becomes constant and does nordepend, or depends > 

** ^IsHvaJuatf a^^f tne Siffusi^rtS^ance 
^h^Mnf ^^^ *r to the quantity of : 
substance transferred through the diffusion layer, we ob-, 

tain: ',;■'■    ,■•.■•..•■■.:.•'        ;'■■■'■'..■■: :'"'-.; 

i 

where U « reaction rate, expressed in terms of the number 
«r  T^AfirranKinK moles of component A occurring per unit time 
and per SSit ia?alyst mass; kr - coefficient of mass trans- 
fer in the gaseous phase; *m « surface per unit catalyst •'. 
mass* and ApA « difference between partial pressures of 

"*»»*&  Uno^rdhanäf ^S^^offiSoTS?^ k, figure's in  the generalized equation of Chilton and 
C?olburn(21), modified appropriately to heterogeneous reac- 
tions by~Eougen(20): 
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Solving simultaneously equation (31) and (32) for «PA/PA 

we obtain: ;      '   - *  ., 

In the equations set forth above: p - total pressure; 
p «partial pressure of component A; Mffi * average mole- 

cular weight of the flowing gas; (Land .f « dynamic viscos- 
ity and density of the flowing gas, respectively;   ■ 
D. P average coefficient of the diffusion component A in 
Ain ■ * 
thL^aseous phase; eQ « proportionality coefficient; 

 E— « modified criterion Re; and F * surface of a sin- • 

gle catalyst particle. ^ ■. ■ ■ 
The first of the criteria on the right-hand side 

of equation (33) is a modified Da-j. criterion. 

In actuality:          

fcrtiere c' « concentration in moles) pF^Wv is expressed 

in m/sec) has a certain conditional velocity, since p is 
inte$(secym2 and Fm ■ m^/)cg mass) =   m m  . 

leg force sec 
In such a fashion equation (33) can take the form: 

«• «• (34) 

where the values of a and n depend on the Re criterion. 
The values of a and n are shown as follows: 

when Re <620, aQ « 2.44-, n « 0.51 

when Re > 620, aQ * 1.25, n « 0.41 

On the basis of equation (33), and that derived 
from it r- equation (34) — a graph is plotted in coordin- 

ateß 0f~£A- „ -i-DaTPr
2/5. The Re number is brought in 

PA    
a0 x 

as a parameter. By doing this, for each value of Re we 
obtain lines drawn from the origin at different angles. 

Choosing the limits of precision to which the actual 
chemical reaction rate must be determined and the difference 
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Ap /p. corresponding to It in'thediffusion layer; we 
find the' corresponding velocity of the flows at a given ; t 
value of the cbSplex (1^^2/3). Thus, for example, if i; 

in the given study it is permissible that the value of thfe ;
: 

reaction rate, taking into consideration the diffu?iop re- 
sist anekle s within the limits of precision up to 10%,; - 
we taköipA/pA - p.l, and ifjthe precision must lie within 

I li mitfe; up to 1 #, then the Corresponding ÄpA/PA "* O*^1 • j , 
<In an analogous fashion we' can evaluate the temperature .; , 
^gradients in-the boundary layer. ;r-        ' : , 

■ ■/2. Modeling processes occurringin the diffusion | 
M :-i ■■■>::■. ...-'!■■ region ./:-<■    '■', o ';"'•"■.!'"'"-'.'   ': f'!\. /  "'■':"'■ 

In this case the criterion equations (22) and (23)< 
'take on the .form: •'..'.-\...:      .;_ .\/V' "'/; /•,;'■'  ;'/-;':' 

•'■''■', .■.''■■•". , .    Da,r/(Rö,Pr) . ; -'.: ■ {, :.- ._'_ , (35). :';: 

Here we can' employ also the Simplexes X1 and X2 as' 

determining criterion. <  V' «&* *4*>„0<kr* The Modeling öf processes occurring in the diffusion 
region result's therefore'in the utilization of the well- . 
known criteria of physical similarity and will not be in-: 
vestigated here.  ;      w:'-" ;-■,"'■■  -y^-"-.: ,■ .v';-, - 

3. Modeling processes occurring in ^he diffusion- ; 
kinetic region ■;-.- y,f:' .:,\   ^..;- 

Included in these processes, in the first place, .;; 
are heterogenöus chemical processes,— processes of cata- 
lvsis and of absorption accompanying the chemical reaction. 

Here, due to the incompatibility of the.criteria 
DaT and Be, which enter in equations (22) and (23) the 
principal difficulty arises when employing these equations 
for modeling. This difficulty makes more imperative the 
need to take into account the resistances in each phase, 
by means of introducing criteria for each phase. However, 
this difficulty may be avoided.^ _ 

' : Usually the same catalyst is employed both in the 
model and in the prototype (with identical grahulometric 
composition) or the same dessicant. For this reason, the, 
volume elements formed by adjoining catalyst grains or 
dessicant are identical in the model and in the prototype. 
However, in this regard it should not be overlooked that 
f^Mall'valUes of the ratio d^ (diameter of apparatus 

19 



d to the grain diameter dQ) it is necessary to consider 
won effects. This perinitB an immediate transfer of re- 
sults obtained i» the model over to the prototype, if con- 
ditions of carrying out the experiments (load per cross- 
fecuon of the^ppiratus,^^,t#^ufhXn?l^°ee: ^ are kept constant and if dft/d0 is sufficiently large. 

If the reaction is accompanied by tne »eleaae of , 
lar*e quantities of heat, the reactor must be divided into 
elementary reactors of small diameter in order to increase 
?ne ?atio of the external heat-exchanging surface of the^ 
relctor to its volume and thereby obviate the Possibility 

If Hilf f iciently high t^P«at^e^^^r°?sn§sld III* _00.4.AT,  TTsuallv in such cases a reactor is usea wnicn 
JSJEfSi of a svstem of small diameter tubes. The diameter 
ifchbsen fromTca?cula?ion of the production of the per- 
missible difference in temperatures between the heart of 
He till  inside the tube and its walls, corresponding to 

the i^^^^ffJi:^^ take into account 
also the p?ev?ously expressed consideration concerned with 

th. basis for «iffi^i^S^S^^^S^ 

thue employed  'for the calculation of the processes of 
simple Sass-transfer uncomplicated by chemical reaction, 
'KB 1* the resulting kinetic coefficient is determined 
«« the reciorocll value of the sum of the resistances in 
eL^of ?ÄaSsT Sire the individual coefficients of 
mase-?ransfe? for each phase can ^determined from the 
corresponding criterion equations for these phases, 
corresponding      case*of a heterogeneous chemical reac- 
tion, the resulting reaction rate can be calculated from 
the equation(2]5): 

Qj-Vr- j c      i   '"* W> 
i^+Tvr*** 

where: k* - effective rate constant of the heterogeneous 
chemical reaction; cr ■-. concentration of the chemically 
active component in the gaseous phase; kj. « coefficient 
of mass-transfer in the gaseous phase; and C/dQ - ratio 
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a reaction occurring per'l cm2 of the total ca*aiyst ©ur-^ 
face; F0 « total'surface of ;1 g of catalyst? fg - apparent 
of the porous catalyst mass; Up - coefficient oTthe degre^ 
of utilization of the catalyst surface, taking into account 
the drop in concentrations of the corresponding component _ 
inside the pores of the catalyst. ■■•!:•       ■ .» .., -..% . j 

For a very rapid reaction, this occurs almost ex* ; 
clusively on the external surface of the catalyst grainsv; 
and in that case •* —> 0. *or a very slow reaction, thii 
involves the entire surface pf the catalyst grains, includ- 
<ing the surface of the internal pores, in which case Y- Is. 
j   ■  T?hus, in equation (36) the value of ^ is always | 

|le8S ^^second item 'in the denominator takes into accoiht 
'»ion* with purely chemical resistance the diffusion resist- 
!an?eEiSsidePthe pores of the Catalyst grains.-Beveral^tud- 
W24) have calculated the' diffusion resistance inside the v 
Ipores-separately from the Ohemicai *j;i6tan<>«v ^* *u!£ ."f i':.*: 
'case the denominator includes three items. Such .a form of 
I the equation is less convenient for prac-ticai ^ue6. > 
! Similar equations ara employed in calculating for ; 
absorption prodesses (2^,26) that accompany chemical reac-f 
tionB, and also for processes of heterogeneous catalysis in 

the liquid Pto»;C||)if a 8l0W irrever8ible first-order chem- 
ical reaction occurring in the liquid phase volume, the 
following equation(22) has been proposed: 

\  cosh* r 
.'(37): 

where H - Henry's constant; k^ - total .mSss-trahsfer coef- 
ficient for mass transferred into the gaseous phase; and 
Ji . partial pressure of absorbent in the liquid phase 

volume.' is neCessary to note that in absorption processes 
accomoanving chemical reactions in the presence of processes 
It  hetlrogeleous catalysis, the chemical reaction occurs . 
aa a rule not'on the surface of the phase boundary, but in - 
?he^Sne'ad5oining this surface, which bas^finite thick- 
ness. Therefore the process of chemical change and the . 
process of diffusion in the liquid phase proceed not suc- 
cessivelv but simultaneously, which leads to a continuous 
decrelle in the diffusion flow of the absorbing component 
?o^the extent of its passage through the diffusion layer 
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<:   

•in the liouid phase.    This circximstance also leads to a 
certain complication in the form of equation (37) in com- 
parieon^ith equation (36),^   ^ ^ criteri0liHa bf em--; 

ployed, aisot8for'thfcSlculation * V*Tft*h1rPÄ! 

accompanying reactions of the second and higher orders 
(12,28).:, •.,:• ;■.,:'   / .'. ' ... ^ ..;."•■ 

"ill. Scale Equations      . ■ < Y 

A consequence of the use of principles of *m°*\l 
mation modeling are the so-called scale aquations ^,2,lit. 

•^,2S)"«he scale equations are obtained by equating pair- 
wise criteria which characterize the environment of the 
online process; in the model and in the prototype, and  ; 
^e2iimirtation in theaa criteria of the physical constants 
Set remain constant in the model and in the prototype, 
that *?52*;^055JSi the derivation of the scale equation 
for thS chemical process that occurs in the ^i^jf<» 
and which is complicated by heat-exchange. *■ ^M«** 
indicated above,Pthe general criterion equation for auch 
.a process can be set forth in the form: 

(30) 
/(DM- Krt. K,)< 

To preserve the similarity of the limiting stage 
in the model and in the prototype requires ^e preserva- 
ZA^ %  fh<» ronßtancv of all criteria which characterize 
tUl  sta£e! T  obtain the scale equations let us equate 
Pair-wisffor the model and for the prototype all the cri- 
teria entering into equation (30): 

(38a) 

<Vv _ «Vn 
<-«"«   VD 

(38b) 

where the indexes M and indicate »/^pectively, that the 
ttlven values refer to the model and to the prototype.   _ 
6lVen Ruminating the physical constants, and considering 
that the concentrations (fcr example, initial or final; 
remain unchanged in the model and in the prototype, we 
obtain for the criterion Dajt 
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From the equation obtained it follows that in the 
model and in the prototype the residence time must be iden- 

For the criterion K^ - «^Ä- we obtain: 

fo«V  »n (40) 

;  The criterion % .^a^ includes only physical 

constants and therefore, it yields no »^ rjtioj/ • . 
In an analogous fashion we can produce scale aqua- 

tions for other limiting Btages. «Thus, in the c&öe of the 
heterogeneous chemical reaction occurring in the purely   • 
kinetil region, thsre enter into the criterion of the scale 
eqSItionfthe catalyst activity ft and the volume velocity 
s (1/sec). For this case we have: 

Where k' - rate constant of the heterogeneous chem- 
ical reaction occurring per ^* «I?7!*/?/^?*'., *^ «h ; 

, Introducing the volume velocity s (1/sec), we ob- 
tain: 

jLnOo^ ^(<n)«n ,  (42) 

where d0 « diameter of the catalyst grain when ^  « 1 
and when (d,)M- (d^ (the size of the granules are taken 
as constant since the change in granule dimension, as a 
rule, is related to catalyst activity), we obtain: 

•'v... ' ,-. '"■'"' '<**> "\ 

that is the volume velocity in the model and in the Proto- 
type must be equal; it has been suggested ^J£<22> **** in 
deriving the scale equation for the case of the chemical 
reaction occurring in the kinetic region, due to the need 
to tlilZlilefor the heat-exchange it i« ^;«"7 j£«- 
ploy the criterion DaIV in conjunction with the thermal 

criterion Nu. We set forth the derivation of this equation 
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appropriately for a homogeneous chenice5 reaction occurring 
in a tubular reactor. 

Equating: 

' (Daw)«        (P»tv>n 

we obtain: 4^X    _%M. 
, . .   ; M'K

NU
«    " VnNun (44) 

where dM tad dn '« diameters of the tubular reactors■ «^ 
ployed,\espe^ 
SSS^^VSmSS'SSS^llS that'for the model, we 
obtain the following relationship: . 

W) 

from which: ^ 
-p- (46) 

.^»wi«,» iUn the need to preserve the constancy 
„ the SSUriS^'lS tS'-SSS andPln the prototype, we 
obtain: . 

tV*   , u<*.    , (58b) 
«H** '»a'n 

ronsiderinF, in addition, that the identical yields 

b£ta sysSSms, then for a tubular reactor: 

Ku-const ReM W) 

From equation (44) we obtain: 

prom equation (58b) it follows that J^jfe.- 

"- •-  (59) 
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'Solving simultaneously equations (45)» (48), and 
(59) we finally obtain:        '.... 

(49) 

J„-V»M* (50) 
wu •ntMt 

(5D 
In conclusion we will examine the derivation of 

the scale equations for the base ^pf a homogeneous chemical 
reaction in the gaseous phase in a continuous-operation 
tubular reactor*,  <    :■.■■■-.- ,-;■■:■. ,'r :'■,<.'-.'C-A   ". ". _ V".\, 

In the derivation of scale equations here it is 
necessary to take into account the fact that the pressure 
loss in the model and in the prototype must be equal, '■'■    • 
since'in;the opposite case, in the reactor where the loss 
of pressure will be greater, there takes place an increase 
in the flow of the gaseous mixture in the reaction, as a • 
consequence of which the residence time in this reactor 
is diminished. Neglecting the difference in pressure 
losses is possible only in such cases when the total pres- 
sure in the system is large compared to pressure losses. 
If we represent the friction coefficient of the gaseous 
medium in the form of the equation:  , 

JC*2)" 

and considering that       AJ»-^ d 

and that 

\*=ctR«rm'*ct{wdrm        •      (55) 

(54) 

whe"re cx, c-, Cj, and c^ « constants. 

As a reäutt of the simultaneous solution of:equa- 
tions (52) r (54) we obtain: i±m    -..-.■■ 

X-ik) (55) 
i-m 

<KOCK>*    \*u* (56) 
>2subscript pf V • sec7 
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In a Wbulent motion regime we can equate m« 0.16. 
Introducing this value into equations (52) ftnfl (55) we 
obtain: 

p,  , (57) 
"•* 

«n .Mv" (58) 
(•cjK'y 

Therefore, the ratio of the dimensions of the model 
and the prototype taken in a direction perpendicular to 
the  direction of the- flow motion must be larger than^the 

i ofthe dimensions teken in a.direction parallel to 
the flow axis. Consequently, the model tubular reactor 
must have the ratio of its length to its diamater^as a 
larger value than that for the prototype. For a laminar  ., 
regime of motion in both reactors, on the besi\°f *fc%^ 
Poiseuille equation we can analogously proceed to the fol- 
lowing scale equation:' ' '•  ^ ■■ 

•■■■•■■■ t"l(Q:J      ■■-        <59) 

Since the ratio of the reactor lengths is equal to _ 
the ratio of the reactor diameters, in this case geometrical 
similarity must be preserved;since" the ratio of the volume 
expenditure is equal to the ratio of the cubed diameters 
of the reactors, the volume expenditure must be proportional 
t0 :the InaCaSeSPrhas

ebeen made(14) to model reactors on 
geometrical and regime parameters. The diameter, of the 
fpparatus da and the linear velocity of the flow;motion 
w jiive been employed as fundamental parameters. These 
Parameters have been utilized in the form of the ratio of 
the Corresponding values in the model and i» *he Protot ype. 
As sSpplemLtary parameters, the ratio^of Which in-the^ 
I'odÄl and in the prototype is expressed through a ratio 
o? the SSndSmenta? parameters, there has been employed the 
volume flow velocity Vßec, the geometric simplex d&/l, the' 
criterion Re, the criterion Da-p the drop in pressures Ap, 
«nd the heat flow through the heat-exchanging surface 
£dl<Tor "jl/da, where <*« coefficient of heat output, and 
•i «heat-transfer factor. Here it is assumed that the 
heigh? of the apparatus varies proportionally to the linear 
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flow velocity, that is, that the mean residence time in 
the apparatuses^ constant. ^    ^ ^ #      _ 
ratio of diameters of the reactors ||*X » ratio of reactor 
lengths ^-y i  ratio of the linear velocities-^--^, and 

the ratioM^f volume velocities ^^ - jj . These ratios 

have heen called scale multipliers (cf tfable 2). 

fi\ TABJ1HHA2 : 

V^            ^_  1    MjWffiSflHU* 
CpMNtMMUft mptM**? |   nnomirrw» *>x~lV/*~l •   *-l _; s *'Vf *-t 

4. w«Metjß/ 

-kiV/VcJb/ 
Up              ^ 
■Kdla 
Old 

■ X 

V   ' ■ 
X 

xH 
xlii 

;■'.« 

*/* 

y(xt)x~m 

y/xCxtf 

if 
■p/jr» Re* 
P/jr»Rem ' 
p/*»Rem 

1 

I 
T 
jl»-« 

X 
x ■ 
X* 

i. 
t 

X* 

X* 

X". 

X 
i 

• '-i 
*• 

.  * 
X 
i 

x'ur* 

X 
if 

:Mx 
X   ' 

X* 
1 
i 

f 
x- 
X' 

/O comparative parameter; 2) scale multiplier; 2) diameter; 
%)  length.; 5) velocity; 6) VBecJ 

The relationship between the scale multipliers 
which cSSaStiSw thePratio between the fundamental para- 
meters is expressed in the equation: 

Hence, bv expressing the ratio of one of the Junda- 
„»«+*\  «ammeters in the model and in the prototype through 
f ?atioPo? otSer"parameters, different scales can be ob-v. 
1***1*      Thus, when z  « ft, we have x « 1 (Table 2, column 
if Ms case Corresponds in practice to the preservation 
of the constancy of the diameters of the model and the 

prototype. have -v^ft (Table 2, column 5). *bis 
case cor^sponLVgÄ^ ^JSP?    * 
atd the prototype, owing to the equality z/y - 1 and y . x, 
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that 'is, the ratio of model and prototype lengths is equal 
*n  +-hP ratio of their diameters.' ,N   . to the ratio 9*     beft z   . x  (Table 2 colunm 6) we have 
v -T/S"  prefers to the equality of model and protö-   
?voe lengths when the ratio of the model and prototype pro- 
SStivitfes i* equal to the ratio of their cross-sections, 
activities is eq    1/x (Table 2, column 7), we^have as 
a ^r^^nuence x - %'■.'  Thie case corresponds to the case 
Sf ?£e oreservatio? of hydrodynamic similarity in the model 
/  ?he Prototype. Actually» the condition zx - 1 in- 

5? ;L Jh«f the ratio of the criterion Re in the model and 
?nC?he prototype is equal to 1 (since the physical constants 
1   tJlZllA    then the ratio of the criteria are shown 
£\5 fqual to the prod'uc? zx). In Table 2 scale relation- 
?4 ? «S^ ^««lAved. which are shown to be expressed as 
the^tiS of sipplemenfary parameters in the model and in 
iS ^;«i-vr>e through a relationship of the fundamental th\llltltyVoT  each of four previously examined examples. . 
SMS attempt is a modified method of using scale equations. 
This at^^hJ

9
p^rticular case of the heterogeneous cafra- 

!vtic reaction occurring in the gaseous phase over a fixed 
MtJlySt layer" we can obtain the following kinetic equa- 
tion^): <,    (61) 

Vetlidy~Uh(i-y)dF 

where y * extent of change;  dF - element of catalyst sur- 
face! and Uk - rate of chemical reaction expressed in. 
UnitS ^Änl^fpermits us to relate the size of the 
8PparatufÄe(chem?ecal.reactlon rate and to the extent 
of change.       . ±    valid under the following assump- 
tions:  the cÄa?-reaction rate Uk is constant throughout 

SÄ?äK1h.S5etio.ify possible, and the first-order 
reactionsbccurSuWith^ obtai,: 

'     w.r^^ -     (62) ; 

FnuÄtion (62) Can be set forth in the form of the 
following relation between terms of the dimensionless 
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complexes: .    ..••'<•'. .':.''■"' 
A-.r-w ■ . .; (63). . -. 

v„«~ A « -P/lnfl - v) is the criterion which indicates 
^extent o^chang/for a given value of .the utilized 

»orti°Ytfif tp^S'JhSl^ti. physical concept this 
criterion is equivalent to the concentration simplex Xx 
or the relative yield simple* X^. 

The criterion F« i/l<T is the criterion of geome- 
*ri«l Similarity for the catalyst surface, It Is equiva- 
lS? in i?i Physical concept to the criterion of geometri- 
cal ßimThTcriterion V - w/l^ is the criterion of kinetic 

. na.1tv eouivalent in its physical concept to the cri- 
ferion D2, SSichhes been already noted above (of page 

IJsfSSrf.S.? CT »"specinc'surface of She catalyst; and 
W " lin??ris necelsary^o note, however, that the applica- 
M1,tv It  the criterion equation (S3; is limited by the 
KHH ZLt  SaSe set down in the derivation of the original 
w^tie 55ua?i«. Moreover, it is assumed here, evidently, 
Si«J ihPReaction takes place in the kinetic region, and 
™*L™en£lvf that lit  process of mass-exchange does not 
S0Iif2tirdiM influence on the reaction.        : , bfiVe & ?heana?lgoSs equation for the case of a firf-order 

deriVi?St£e chemical apparatus (for the latter Pozin took 
tSfdeeree ofIpprSiSion to the theoretically possible 
Stiitf that was achieved in the apparatus). The Pozin 
equation is of the following form for this case: ; ,, 

TJ « i — t 

" u" « •*»  Pfficiencv of the chemical apparatus; f «cross- 

fftne derree of^onveralSn Since both equations coincide 
to the ae5~e^_?t>"4l,te the dimensions of the apparatus 
IS ?nÄ velocity ana tSe degree of conversion. However, 
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in utilizing the equations it is important to keep in mind 
that both equations do not take into account neither the . 
complication due to heat- and mass-exchange nor the dis- 
tribution of residence times in the apparatus. , 

IV. Some Particular Examples of the Practical   ! 
Use of the Principle of Similarity 

Examples of the practical use of the principle of ! 
similarity for chemical processes occurring in the kinfetic 
region has been described in a monograph by D^akonovCJ).; 
Thus, as a result of the generalization, of experimental . 
data in the synthesis of ammonia at various temperatures i 
the following criterion equation baa been obtained: 

v  / »*> \*'» • (65)1 

where b «constant.  • • • ■■'■■'"'■•.," • . ;-i ■ 
In generalizing experimental data in the synthesis 

of ammonia at various temperatures and pressures the follow- 
ing equation has been obtained: 

In an analogous fashion from the generalization of I 
experimental data for the oxidation of sulfur gas at yar- ;■ 
ious temperatures the following equation has been derived: 

•->..':~l'-:.'"V..       x_-*t_ ■        (67) !- 

•  '•■'.!":■'•. ■ •  • ' ■  •' ". 

With the aid of equation (6?) it has been possible | 
to combine isotherms of the so-called Knitch diagram into : 
a single curve which describes this equation. ; 

In the generalization of experimental data in the ; 
thermal decomposition of salts and oxides of calcium and < 
cadmium(50) it has been shown that all processes of thermal 
decomposition of these oxides and salts are subsumed in the 
criterion equation: 

'     ." f-l-P. '.■'■  '(68) ! 
Ko  : ■'■■' ■-        I 

In generalizing experimental data for the polymerize 
ation of vegetable oils (in the production of drying oil i 
(10)) an equation of the form following has been obtained:^ 
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. ; ♦-f(K««> ■■.. (69) 

where $ - ratio of physical constants employed for the 
control of the technological process <vis60sities, densi- 
ties, etc.)» x'-.'   .    . ,  - _ 

These equations have been presented in graphic form. 
Their practical use makes possible a significant improve- 
ment in control of the course of the process and in the 
avoiding of impediments in products. In addition, it has 
given rise to a scheme of automation for this process, 
basest on the equation <69) being employed herein.    . 

As a result of the treatment of experimental data 
in the propagation of flame in a tube filled with fuming 
gases mixed with various inert gases, which differ signi- 
ficantly one from another by reason of the diffusion 6oef- 
ficients and the coefficients of thermal diffusivity, the 
following criterion equation has been obtained(52): 

where w ■ flame propagation velocity; a » coefficient of 
thermal diffusivity; and cx and c2 - reactant concentra- 

tions (methane and oxygen). This equation has been pre- 
sented in a graphical form. •.■..,.-■  ^  . .■ c w   '4 ■•■ ■ ■ ■ 

It is easy to show that the criterion «-ps«s-..i8 
yp '"" ■-■■•■■ ,»^2^2 ■■-•■ 

the'ratio V"H~* In actual fact: 

The criterion D/a is obviously the ratio of the 
criteria Pe/Pe^. The criteria remaining have been already 
examined earlier. c  ,    - ^_   .„ _ ' v 

Thus,- a general criterion equation can be set forth 
also in'the following form: ^ 

whew X, » c/Cp, Or in the more general form: 
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/r(Ü8j, Pt, fcA,K„vX,)-0 {?$) 

In the generalization of experimental data for chem- 
ical reactions occurring in the diffusion region» for exam- 
ple, in the absorption of ammonia by eulfuric acid, process- 
es are described by equations of the form: 

',;":'■■ . C.'-'tA '      .        (74), ' 

where W « k« — the totaj. coefficient of mass-transfer 

into the gaseous phase, and Apcp «mean driving force in; 

the apparatus, expressed in units of partial pressure. 
Here, as always, the mass-transfer Coefficient is 

found from the corresponding criterion equation for phy- ; 
sical absorption.     ■    ■ . •  .      ,        ; 

In a"recent study(32) generalized equations have 
been obtained for physical sorption processes in drying ^ ; 
towers, taking into account the hydrodynamic condition of, 
the two-phase system: for easily soluble gases: 

' Nu-A R«fPr? "<*+/>' /r,^ : 

for difficulty soluble gases: j 

'Uu-AiR&VW + t)       ' (76) • 

where f « factor of the hydrodynamic condition of the 
two-phase system. The values of A, m, n and f depend on 
the hydrodynamic regime under which the two-phase system j 
exists. '    '  ' . V' _' '-■ 

The common criterion equations of mass-transfer 
are utilized to determine the rates of chemical processes: 
existing in a system of solid body-gas. For example, with, 
the aid of the principle of similarity it has been shown \ 
(34) that the velocity of the. combustion of carbon is deter- 
mined by the supply velocity of oxygen through the external 
diffusion layer in the gaseous P^as©« ■. AA-    : 

It is necessary to emphasize that the diffusion 
criterion equations can be employed also for the case of 
absorption accompanying a slow chemical reaction when the !_ 
absorbing component proceeds without reacting, or only very 
sllRhtly"'reacting, through both diffusion layers (in the 
gaseous and in the liquid phases), that is, when the reac* 
tion occurs mainly in the liquid phase volume. For such ; 
a case the reaction influences only the value of the com- 
pressibility of the vapor of the absorbing component in 
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the liquid phase volume, without changing the form of the 
equation. A number of such processes involve the absorp- 
tion of ethylformäte by a solution of NaOH(25). 

As an example of the application of the principle 
of similarity to chemical processes occurring in the dif- 
fusion-kinetic region» we can offer the criterion equation? 

Nu-CHaRe*^^,        ^ (77) 

which equation was obtained in' a treatment of the experi- 
mental data in the absorption of carbon dioxide by an 
alkali solution, and solutions of soda and of d^ethylamine 
(12,28). As an example of the partial use of the similar- 
ity principle in the calculations of processes of hetero- 
geneous catalysis, we can suggestions design of a contact 
tower for the production of phenol by utilization.of the 
Raschig  method(22). For computing the diffusion resist- 
ance it has been suggested here to utilize the method(20) 
described above by the present authors. A considerable 
number of examples of partial application of the similarity 
principle for chemical process Calculations — for processes 
occurring in the diffusion-kinetic region in quite diversi- 
fied apparatus can be found also in other works(35-^38). 

As an example of the experimental confirmation of 
the use of scale equations we can point to the work of 
Bretshneyder(30), who experimentally verified the possi- 
bility of modeling reactors with the aid of scale equations. 
The experiments were conducted in two tubular reactors, 
whose dimensions were established in accordance with the ; 

requirements arising from the scale equations for a pseudo- 
homogeneous system which was represented by a suspension 
of zinc dust in a sulfuric acid-dichromate solution. The 
productivities of both reactors were divided into five 
parts each. The scale equations (49) - (51)» examined in 
this present review, were used as the original equations, 
obtained under the condition of the preservation of the 
constancy of temperature increases in both.reactors. As a 
result of the experiments conducted it was confirmed that 
in satisfying the geometrical ratios found from the scale 
equations, the ratios between the dimensions of the model 
and the prototype and the flow velocities, the actual in- 
crease in temperature in the prototype coincides with that 
set by the limits of error in the experiment. . ... 

•' In the controlling phenomenon of diffusion, that is, 
for processes occurring in the diffusion region, conditions 
have been formulated for modeling packing apparatus used 
for systems of gas-liquid, and vapor-liquid(39). This is 
made possible by the fact that the regime ofthe point of 
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phase Inversion discovered in packingsleads to the eimple 
conclusion: 1) velocities in each tower cross-section; 
2) pressure drop; and 5) <Hetri^H°^iiffi£ & *!« tower. Thus» each layer element of the packing  ,.. is 
replaced bv a number of arranged layer elements. rP   in treating the same systems in the model and in 
the Objective» the modeling of packing towers results in ; 

For the tower diameters: 

BxJ^l^T' (79) 

' For the pressure drops: 

*-pra?r (80) 

where 9 « specific packing surface (packed condition) in 
m2/m5; arid F  «free cross-section or the free packing 

ci 3/13 
volume in m /m^ study( > lnvolving the use of eauatiohs 
(75) and (76) conditions Eave been found for the modeling 

°f ^^Tnfa^IaUon of the principle of similarity to 1 
chemical Processes opens up the possibility of generaliz- 
f»l«vSerimental data for chemical reactions occurring in; 
4SI kSe?iS! tS"ffusion, and the diffusion-kinetic re-! 
8i°nS# In several instances, the principle of similarity | 
has opened up the possibility of modeling chemical process- 
es by use of scale equations end criteria presented in  i 
integral form. .       j 
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